now hoped that eventually a bunch population of N = 7 x lOlo will be realized.
In this report we study the effects of injection jitter on emittance growth, and hence on luminosity, in the improved linac with stronger focusing, and for the new bunch parameters. We consider both cases when Landau damping has been invoked, and when it has not been. The effects of machine errors will be discussed in a sequel report.
Inducing an Energy Variation Along the Beam
Normally a high current beam rides in front of the rf crest at the phase 40 that minimizes its energy spread. As in Ref. 2 we propose inducing an energy variation in the beam by setting it behind the rf crest at phase $a for the first n, klystrons of the linac -we go behind the crest because an energy spread is most effective against beam break-up when tail particles are at a lower energy than head particles. Then, in order that the energy spread at the final focus is still minimized, we need to set the beam at the proper phase & in front of 40 in the remainder of the linac. The energy variation induced in the front of the linac greatly lessens the emittance growth due to a given level of injection jitter. The price that is paid for this phase juggling, however, is a reduction in the bunch's overall energy gain.
If the accelerating sections were all of the same length, then the following two equations would need to be obeyed:
na sin da -k (n -na) sin (bb = n sin (b0 (1) na COS da i-(n -na) cos &, = ncos ~$0 -AE/(E/n) , with n the total number of klystrons, AE the reduction in energy gain due to phase switching, and E/n the energy gain per klystron ( 4 = 0 is at the rf crest).
The first equation leaves the final energy spread minimized, the second gives the energy balance. If we know the optimal average phase 40 and the amount of overall energy gain we are willing to sacrifice AE, then given +a we can solve for na. In the SLC all the acceleration sections are not of the same length, but this change involves only a minor modification in the above equations.
To get some insight into the properties of Eqs. Consider an ellipse with foci at points P and Q separated by the distance n -AE/(E/n) ( see Fig. 1 ). An arbitrary point on the ellipse is designated as 0.
We further choose the properties of the ellipse such that the length ]J%l+ 1031 equals n. If we associate the length lP>l with the value na, the length lO+Qj with the value nb = n -na, then the angle LQPO = -da, the angle LOQP = cjb.
The maximum energy variation induced along the bunch (ignoring for the moment the contribution of the longitudinal wake) equals the length of I&l times the negative of the sine of LQPO, that is, -no sin da. From the figure we clearly see that this quantity is maximum when 4, = -&. On the other hand, the energy variation is induced into the beam most quickly when $a = -90'. For effective Landau damping in a linac we want that a auficient amount of energy variation be induced in the beam at a suj'kiently early point in the linac, where the beam is very sensitive to beam break-up problems. Thus we expect that for a given AE there is an optimum phase 4a somewhere between the extremes of da = -90' and 4a = -&,. We see this feature in the simulation results even when ~$0 is not 0 and the longitudinal wakefield is included in the calculations. 4 The Effective Emittance Growth
In the SLC the beam is ejected from its damping ring by the extraction kicker; it then follows the RTL transfer line before entering the linac. Injection jitter in the linac is caused by the pulse-to-pulse variation of the strength of the extraction kicker. It is normally confined to be in the horizontal -xdirection. Let us suppose that the static errors of the linac are well corrected, and, on a certain pulse, the kicker strength varies by a certain amount, which in turn changes the beam's initial conditions in the linac. This change in initial conditions, when amplified in the linac by the interaction of the beam's orbit with the transverse wakefields, will result in the degradation of beam quality, and hence to a luminosity reduction. The amount the beam quality is degraded depends on the oscillation amplitude, divided by the beam size, at the beginning of the linac.
In this paper we simulate the effects of injection jitter by tracking a beam, with initial offset x0, in the error-free linac lattice using the computer program LTRACK. 2 This program also computes an effective emittance growth factor that we use as our measure of beam quality. We expect that our calculations for the error-free machine agree reasonably well with the more complicated procedure of first correcting the orbit of the beam in a machine with alignment errors, and then finding the incremental emittance growth due to an added off- 
where 
with 7 the average energy of the bunch, and the subscript 0 denoting the conditions at the beginning of the linac. If we begin with an unperturbed beam, offset in x by x0, then 6 Ex at the end of the linac is a function of x~/a,e, with a,0 the initial beam size.
The effective emittance growth is a measure of the luminosity reduction, as long as I&, is not too large. It includes both dispersive and chromatic effects;
that is, effects due to, respectively, the misalignments of the slice centroids, and the relative distortions of the slices due to their energy differences. In the specific case of injection jitter -which we assume to be confined to the horizontal plane -we expect the luminosity to be reduced, roughly, by the factor #=& '
if two identical beams are injected with about the same jitter amplitude. Note, however, that when SEX becomes large compared to 1 due to beam break-up it is not a good measure of luminosity reduction; it then tends to give too much importance to tail slices at large phase space amplitudes, and to greatly overestimate the luminosity degradation.
The Luminositv Reduction Factor
When S,, is large how does one estimate the luminosity reduction? Let us construct a luminosity reduction factor. Consider the situation of two beams that follow two linacs to position s and then collide head on. At one particular pulse beam A, with population NA, has an initial jitter offset z$, whereas beam B, with population NB, has an initial offset x0". Neither beam is offset in y. Let us represent the longitudinal distribution of each beam by M slices, as before.
Then the luminosity of the two beams colliding is given by
with frep the repetition rate. The particle distribution of beam A is represented bY and similarly for Xg. We assume the particle distribution of every slice is uncoupled in the z -y plane and varies as a gaussian in both x and y. Therefore the transverse particle distribution of any slice i of either beam can be written as
Let us define the luminosity reduction factor r as the ratio of the luminosity of the perturbed beams in collision to the luminosity of two unperturbed beams, with beam sizes a,r and aYr. Performing the integration of Eq. (7) with their heads r will be at a maximum, at locations where they are most badly aligned r will be at a minimum.
If the injection jitter of each beam is randomly distributed according to the function f(zc), then the expectation value of the luminosity reduction over many pulses is (12)
Let us now limit our consideration to two beams that are initially identical and that follow identical linacs before meeting in collision. We assume that the injection jitter of the two beams is normally distributed with rms values of o+ and a,: for beams A and B, respectively. Since the slice offsets x$ and x7, at any point s along the linac, vary linearly with the initial offsets x$ and xf we need only perform a single simulation to find the dependence of x4 on x$, and of x?
on xf, at any point in the linac. Then, in terms of the results of this simulation,
Eq. (12) becomes
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The initial beam offset used in the simulation is xc; the number of particles is N.
Note that for small jitter the luminosity reduction varies quadratically with the rms jitter amplitudes.
Finally we should point out that there is more to the question of luminosity reduction in the SLC due to the beam break-up phenomenon than is suggested here. For one thing, to get a better estimate of the real luminosity reduction, the perturbed beams that we find at the end of the linac should subsequently be tracked through the arcs and through the final focus. In this paper we assume that these systems are ideal and do not reduce the luminosity. Another question .:
that affects the luminosity is the impact of beam tails on the, machine performance. When the tails become large they need to be scraped to avoid damage to accelerator components and to avoid an unbearably large background count in the detector. This extra complication has been ignored in the present analysis.
The Improved SLC Linac Lattice 
SIMULATION RESULTS
The Effect of Landau Damp& on the Iniection Jitter Tolerance
As our measure of beam sensitivity to jitter we define the jitter tolerance t as the ratio XO/Q~O that causes S,, to grow by 25%. In the old machine with weaker focusing we found that t = 0.007 when the bunch population N is 5 x lOlo and the bunch length a, is 1.0 mm, when Landau damping is not used (see Ref.
2). The beam phase 40 = 12', the residual energy spread UE/E = 0.4%. With the same bunch properties, but in the current, stronger focusing lattice, we find in the current SLC lattice are shown in Fig. 3 . .068 .076 Table 1 . The jitter tolerance t maximized with respect to da, when a, = 1.5 mm, in the current SLC linac lattice. The initial beam size a,0 = 250 pm.
The Luminosity Reduction for Jitter in the Absence of Landau Damping
What if we operate the linac with no Landau damping and the injection jitter is large, yielding a large emittance growth? What is the effective luminosity reduction? As pointed out in the Introduction a large value of S,, tends to be an overly pessimistic measure of luminosity degradation. A better measure would be the luminosity reduction factor r, presented in the Introduction.
In Fig. 8 we show the development of the luminosity reduction factor r (see Eq. (10) If we know the distribution function of injection jitter for the two beams we can compute the expectation value of luminosity reduction over many pulses (r).
If we assume that the two beams have the same bunch population and the same bunch length, and that the jitter of the two kickers are normally distributed and uncorrelated, then the factor (r) can be written in terms of the results of a single LTRACK simulation, and is given by Eq. (13). In the three examples with different bunch populations we find the maxima and minima of (r) to be in approximately the same locations in the linac -but not in exactly the same locations. For two low current beams we would expect the maxima of (r) to be at integral multiples of half the betatron wavelength from the kicker, since at these points both beams would be on axis. From the simulations, however, we find that for N = 3, 5, 7 x lOlo the last maximum of To make these plots we first ran simulations in which 61 slices were used to represent the gaussian charge distribution, out to f3u, from the center of the bunch; then 2000 random points were generated to produce scatter plots of the beams at the two linac positions. We clearly see that the beam that has been Landau damped is a better quality beam. In the Landau damped case we can discern a small tail in the x -z plot of shifting is done. If, however, we do use phase shifting, and are willing to give up 1 GeV in final energy, we found that the jitter tolerance can be increased to 17%.
For this example the optimal initial phase r& is somewhere between -25' and -1.5~; the maximum induced energy spread -3.5% -occurs at about the 500 m point in the linac.
When the effective emittance -which is our measure of beam quality -becomes large due to the beam break-up phenomenon, it tends to give too much importance to tail particles with large phase space amplitudes and therefore to overestimate the luminosity reduction. So we have defined a luminosity reduction factor r that -at any position s in the linac -represents the relative luminosity of two beams colliding head on. And if we can assume the injection jitter is random, and is normally distributed, we can calculate the expectation value of the luminosity reduction factor over many pulses (r). This function allows us to compare the effect on luminosity of large kicker jitter when Landau damping is used with when it is not. Unlike an emittance, the factor (r) oscillates as the beam moves down the linac; a maximum is at a location where the tail is opti- shifting is not used. If the SLC is to be run at high currents with no Landau damping, we suggest that the tune -from kicker to final focus -be adjustable.
Then, whatever the running current may be, the effect of jitter on the luminosity can always be minimized by changing the tune. For the nominal bunch properties adjusting the tune can improve the luminosity by 50% when Landau damping is not used; for bunches of 7 x lOlo particles the improvement can be a factor of 2.
Note that our analysis has ignored any indirect effects the tails might have on the luminosity, for example, by increasing the background count in the detector.
